which leads to a high production cost. We have considered that if elemental liquids are used for the SHS process instead of elemental powders, both the oxygen level in the product and the production cost will be significantly reduced.
The purpose of this study is to investigate (1) the feasibility of the casting of NiAl-base intermetallic alloys by utilizing the exothermic reaction between the elemental liquids and (2) the effect of iron content on the mechanical properties of the alloy. Figure 1 shows a schematic drawing of the present method to synthesize NiAl-base intermetallic alloys from the elemental liquids. Molten aluminum at 1 023 K was poured into a porous alumina crucible followed by molten nickel or a nickel-iron alloy at 1 773 K. The two liquids reacted exothermically and then solidified as NiAl or an NiAl-base alloy. The ingot produced was 30 mm in diameter and 130 mm in height. The starting materials were aluminum of 99.99 wt%, nickel of 99.9 wt% and iron of 99.9 wt%. Melting of those elemental metals was carried out in an atmosphere of argon, while pouring in air. The nominal compositions of the cast alloys are indicated on the Al-Fe-Ni equilibrium ternary phase diagram shown in Fig. 2 . 15) Iron content was varied from 0 to 25 at%, while the molar ratio of nickel and aluminum was fixed at 1 : 1. All the compositions were within the solubility range of the b-phase, (Ni,Fe)Al, which is a fully isomorphous phase from NiAl to FeAl.
Procedure
The ingot was sectioned for mechanical testing, X-ray diffraction and electron probe microanalyses. Young's modulus was measured at several temperatures from room temperature to 1 473 K in air by using the resonance method. The specimen for the resonance method was approximately 70 mm in length, 15 mm in width and 3 mm in thickness. A Vickers hardness test, a four-point bending test and a pinon-plate wear test were carried out at room temperature. The applied load for the hardness testing was set at 98 N. The conditions of the bending test were: 3ϫ4 mm 2 in rectangular cross-sectional area of the specimen, 15 mm in distance between the supporting points, 4 mm in distance between the loading points and 0.5 mm/min in cross-head speed. To evaluate the wear resistance of the alloy, the scar depth was monitored during a reciprocal sliding test using a diamond pin under dry conditions, with 1 kg in applied load, 1 Hz in frequency of the reciprocal movement and 5 mm in sliding length. The dynamic change in the coefficient of friction during sliding was also recorded.
Results and Discussion

Heat Generation due to Exothermic Reaction
When the molten nickel was poured into the aluminum liquid, the molten mixture became white hot caused by the heat generation. It results from an exothermic reaction of NiϩAl→NiAlϩDH p298 , where DH p298 is heat of formation of NiAl at 298 K and is 118 kJ/mol. A simple calculation by using Eqs. (1) through (3) under the adiabatic condition indicates that the maximum temperature of the synthesized NiAl, T MaxNiAl , reaches a very high temperature from 2 600 K to 3 000 K, depending on the initial temperatures of aluminum and nickel, as shown in Fig. 3 . where T 0 and T m are the initial temperature and melting point of the material indicated by the subscript, and C and DH are the specific heat and latent heat of the material. This casting technique which involves an exothermic reaction can be used to produce a high-melting-point intermetallic compound without the need of external heating. We therefore named this technique "reactive casting". Figure 4 shows the change in temperature of the reactive-cast alloy. Temperature was measured on the top sur- face of the alloy using a spot thermometer. When the aluminum and nickel liquids are mixed, the temperature suddenly goes up to a value over 2 300 K. The measured temperature is lower than that calculated under the adiabatic condition, because heat diffuses from the liquid into the crucible and atmosphere in the practical casting. When the temperature decreases down to the liquidus temperature, a slight stagnation of cooling is observed due to the latent heat of solidification. When molten nickel-iron alloys were poured instead of pure nickel, the temperature of the mixed liquid reached similar temperature values. However, the effect of the iron content on the maximum temperature of the mixed liquid was not clear; the variation in measured temperature was within an experimental error.
Phase Identification and Chemical Analysis Figures 5(a) and 5(b)
show the X-ray diffraction spectra of the synthesized NiAl and NiAl-25at%Fe alloy, respectively. In both figures, four peaks were observed; at angles of 30.88, 44.28, 55.00 and 64.05 degree in Fig. 5(a) , while 29.96, 44.24, 53.70 and 63.62 degree in Fig. 5(b) . These peaks are all very close to those for NiAl with an experimental error range. Figure 5 indicates that the synthesis reaction was completed, because no intermediate reaction product such as Ni 3 Al is detected.
When molten Ni-Fe alloys were poured into the molten aluminum to produce the ternary alloys, no additional or external stirring was carried out. We therefore had been concerned that the mixing of the two liquids might be incomplete. However, the results of the X-ray diffraction testing shown in Fig. 5 indicated that the synthesis reaction was completed. Moreover, Fig. 6 indicates that the concentrations of the three elements are all approximately constant at the target values over the ingot height. The similar results were also obtained for ingots with other compositions. Therefore, the mixing of the elemental liquids was enough for the complete reaction between them. We consider that the enough mixing was brought about by the convection generated by pouring of the heavier liquid into the lighter liquid and the diffusion at very high temperatures shown in Figs. 3 and 4. Figure 7 shows the grain structure of the NiAl-Fe ingots. When iron is not added, the ingot has a very large crystal grain size, as shown in Fig. 7(a) . The grain size, however, decreases with the increase in iron content (see . It indicates either that the velocity of grain growth decreases, or the number of solidified crystal increases, as the iron content increases. The microstructure of the iron-free NiAl ingot shown in Fig. 8 supports the latter: the growth direction of the primary dendrite differs depending on the individual grain, which indicates that the grain structure in the ingot was developed not by grain growth but by solidification. Also in all other ingots, individual crystal grains consisted of a colony of dendrites that had a same growth direction. It is likely that a cooling rate after solidification, which is determined to be approximately 0.5 K/s from Fig. 4 , is too high for grain growth in NiAl-Fe alloys. The effects of iron on the wettability of the molten alloy to the crucible wall, fragmentation of the growing dendrites and constitutional supercooling of the residual liquid are considered as the possible reasons for the change in grain size. As the iron content increases, both the concentrations of nickel and aluminum decrease, because the molar ratio of nickel and aluminum was fixed at 1 : 1 in all alloys cast in this study. Because iron is much heavier than aluminum, the increase in iron content increases the density of the alloy, as shown in Fig. 9 . The density increases from approximately 5.9 to 6.3 Mg/m 3 , as the iron content increases from 0 to 25 at%. Those values are much smaller than the density of conventional superalloys, which is approximately 8 Mg/m 3 . Figure 10 shows the effects of iron content and temperature on the Young's modulus of the alloy. The Young's modulus at room temperature varies from 145 to 172 GPa depending on the iron content, and it decreases with the increase in temperature to 93 to 135 GPa at 1 473 K. In highiron alloys, generally, the Young's modulus is small, and the decreasing rate of the Young's modulus with the increase in temperature is high, except for the NiAl-1at%Fe alloy. We had suspected an incorrect composition of the alloy, but the results of the analysis indicated that all ingots had the target concentrations of the elements with accuracy within 15%.
Metallography
Mechanical Properties
It is not clear yet why the NiAl-1at%Fe alloy shows a deviation in behavior. Figure 11 shows the effect of iron content on the Vickers hardness of the alloy. The Vickers hardness increases from approximately 260 to 380, as the iron content increases from 0 to 25 at%. The bending strength and wear resistance also increase with an increase in iron content, as shown in Figs. 12 and 13(a) . It is likely that the increase in hardness, bending strength and wear resistance is due to solution hardening, because the addition of iron to NiAl up to 25 at% does not bring about the precipitation of a new phase such as g, according to an Al-Fe-Ni equilibrium ternary phase diagram. 15) The friction coefficient measured during the wear test does not change with the iron content, as shown in Fig. 13(b) . We carried out a similar wear test for a low carbon steel, and compared the results with those shown in Fig. 13 . The scar depth at a sliding time of 0.5 ks was approximately 85 mm for the low carbon steel, while it was only approximately 5 mm for the NiAl-base intermetallic alloys. The friction coefficient for the low carbon steel was 0.40, while it was only 0.05 for the NiAl-base intermetallic alloys. Those results eloquently tell how excellent wear properties the NiAl-base intermetallic alloys have.
Assessment of Reactive Casting
We have introduced a new process for casting of intermetallic compounds based on an exothermic reaction between elemental liquids, and have produced Ni-Al-Fe ternary intermetallic alloys. From a viewpoint of the production cost, this process is superior to conventional casting or the SHS process based on an exothermic reaction between elemental powders, as described in Introduction. On the other hand, the properties of the alloy produced by the present process should be compared with those of the alloy produced by the other processes.
Homogeneity in chemical composition in the present ingot is good, as shown in Fig. 6 . Young's modulus of approximately 170 GPa at room temperature for the present NiAl, shown in Fig. 10 , is close to 188 GPa for an arc-melted NiAl 16) . Vickers hardness of approximately 260 for the present NiAl, shown in Fig. 11 , is close to 300 for arc-melted NiAl 17) and is also close to 330 for NiAl produced by the SHS process 12) . Bending strength ranging from 200 to 400 MPa for the present NiAl, shown in Fig. 12 , is much higher than that of NiAl produced by the SHS process ranging from 50 to 60 MPa 12) and is comparable to the ultimate tensile strength of induction-melted NiAl of approximately 260 MPa 18) . Consequently, the properties of the NiAl produced by the present process is similar to or better than those of the NiAl produced by the other processes.
Conclusions
NiAl-base intermetallic ingots containing iron from 0 to 25 at% were made by reactive casting, which is based on an exothermic reaction between two molten metals. The effects of the iron content on the mechanical properties of the alloy were investigated. The results are summarized as follows:
(1) Aluminum and nickel liquids exothermically react and produce a molten intermetallic compound of NiAl. When the pouring temperatures of aluminum and nickel are 1 023 K and 1 773 K, respectively, the temperature of the NiAl exceeds 2 300 K, which is approximately 400 K higher than the melting point of NiAl. When molten nickel-iron alloys are mixed with molten aluminum, molten NiAl-Fe intermetallic alloys are produced, and the maximum temperature reaches similar values.
(2) The Vickers hardness, bending strength and wear resistance measured at room temperature increase with the increase in iron content of the alloy. The Young's modulus decreases with an increase in both temperature and iron content.
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